INTRODUCTION
The isolation of a group of temperature-sensitive (ts) mutants of influenza virus A0 strain WSN, after mutagenic treatment with either 5-fluorouracil or hydroxylamine, was described in an earlier communication (Mackenzie, I97O) . The results described in this paper are concerned with attempts to define the physiological block of each ts defect, either in terms of an alteration in the properties of the virus particle itself when grown at the permissive temperature (35 °C), or during growth in tissue culture at the restrictive temperature (40 or 40"5 °C).
METHODS
Virus strains. The preparation and titration of stocks of the parental (WSN~) virus strain, influenza AoWSN, and of the ts mutants has been described previously (Mackenzie, 197o) .
Temperature control. Incubation of samples at the restrictive temperatures was carried out in water baths regulated by means of a Braun' Thermomix' thermostat control unit. Standard air incubators were used for incubation at the permissive temperature.
Haemadsorption and elution. Monolayer cultures of CEF and HPK1 cells were infected
with mutant or parental virus diluted in gelatin saline to give a multiplicity of 5 p.f.u./cell. The viruses were allowed to adsorb for 3o min at 4 °C. Cultures were then washed three times with growth medium chilled to 4 °C. Pre-warmed growth medium (45 °C) was added and replicate samples were incubated at 35 °C and 4o'5 °C for IO, I2 or I4 h. After three washes with cold PBS (containing calcium and magnesium), I ml of a I ~ suspension of chicken erythrocytes was added to each sample for 2 h at 4 °C. The cell sheets were again washed three times with cold phosphate-buffered saline (PBS) and examined for haemadsorption, using an inverted microscope.
To test for the elution of haemadsorbed erythrocytes, I ml of warm PBS was added to the same samples for I h at 37 °C. After washing three times with warm PBS, the samples were examined as before under an inverted microscope.
Preparation of infected cells for the assay of cell-associated haemagglutinin, neuraminidase
and ribonueleoprotein. CEF monolayers in flat bottles were rinsed and placed in ice trays.
Cells were infected at an input multiplicity of about Io p.f.u./cell for I h and the inoculum was removed with a cold rinse. Bottles were then submerged in water baths and equilibrated to the restrictive temperature before pre-warmed medium was added. After the required interval, bottles were emptied and placed in ice. Cells were washed three times with cold PBS to remove liberated virus and finally suspended in an equal volume of PBS. The cell suspension was sonicated immediately before the titrations were made.
Haemagglutinin titrations. Haemagglutinin (HA) was titrated with doubling dilutions in WHO-type plastic trays by the method described by Fazekas de St Groth & Webster (I966).
Neuraminidase assay. Cell-associated neuraminidase was assayed, using fetuin as substrate, by Aminoff's 096 0 modification of the method described by Warren 0959). The activity of a non-infected preparation, which was assayed in parallel, was subtracted from the test samples. In all experiments the control activity was not more than o'o25 Es~, or less than 2 ~ of most test samples, indicating that little interfering material was present.
Incorporation of [~H]-uridine into CEF cells.
Monotayer cultures were washed and the bottles placed at 4 °C. The monolayers were inoculated in triplicate at a multiplicity of about 2o p.f.u./cell in o-I ml. After I h the cells were washed with iced medium and the bottles were transferred to water baths at 35 or 4o °C and agitated to warm them as quickly as possible. After 5 min, o.45 ml pre-warmed Eagle's medium containing o.oi M-tris buffer was added. Preliminary experiments showed that [aH]-uridine (24 Ci/m-mol from the Radio-chemical Centre, Amersham, Bucks) was incorporated maximally at 35 °C when actinomycin D (AMD) was introduced at 2"5 h after incubation was started and the isotope was present between 3"5 and 6 h, and at 4 ° °C when AMD was added after 2 h incubation and the isotope was present from 3 to 5"5 h. Both AMD and [aH]-uridine were added in volumes of o'o5 ml each, giving a final concentration of 5 #g/ml and 2o #Ci/ml, respectively. The experiment was terminated by removing the culture fluid and placing the vials in ice water. Cell sheets were solubilized immediately in tris-buffered isotonic saline containing I ~ (w/v) SDS, I ~ (v/v) 2-mercaptoethanol and IO mM-EDTA, pH 7"4, and dried on to filter-paper strips. Acid-soluble material was removed by washing in cold o'25 M-perchloric acid and o" 9 ~ (w/v) sodium pyrophosphate. Radioactivity was determined as described by Dalgarno et al. (1966) except that o'3 g of dimethyl POPOP/1 toluene was used.
Antisera. Antisera to WSN~ and to X7F1 (Kilbourne et al. I967) were prepared by inoculating purified virus intravenously into rabbits. A second injection was given after 6 weeks and serum obtained I week later.
Convalescent antisera from children below the age of 4 with antibody against an A2 influenza strain were kindly provided by Dr J. White, Fairfield Hospital, Melbourne.
The antibody used to locate nucleolar antigen was a convalescent hyperimmune preparation from mice. All detectable antibody to virus particle antigens had been removed by exhaustive absorption with purified disrupted virus (Dimmock, I969) .
Antiserum used in complement fixation tests to detect ribonucleoprotein antigen specifically was prepared in guinea pigs by inoculation of an A0 strain followed by an AI strain, according to Lief & Henle (1959) .
Fluorescein-conjugated goat anti-rabbit, anti-human and anti-mouse IgG and rhodamineconjugated bovine plasma albumin were purchased from Microbiological Associates, Bethesda, Maryland, U.S.A.
Fluorescent-antibody staining. Coverslip cultures of CEF and HPK1 were infected with the mutants and WSN, diluted in PBS to give an input multiplicity of 5 p.f.u./cell and the virus allowed to adsorb for I h at 4 °C. The cultures were washed twice with cold PBS and incubated at 33 or 4o'o °C in pre-heated Hanks's balanced salt solution containing lactalbumin hydrolysate and buffered with tris. At various times after infection, the coverslips were washed with PBS, dried in air and immersed in acetone. The cells were then incubated with specific antiserum, washed and incubated further with fluorescein-conjugated anti-I~G containing I part in IO of rhodamine-conjugated plasma albumin. After further washing, the coverslips were mounted in neutral glycerol and stored at -IO °C.
Electron microscopy. Crude allantoic-fluid virus samples were fixed in 2 ~oo phosphotungstic acid and examined with a Siemens Elmiskop I electron microscope.
Complementation. Mixed infection experiments to determine complementation indicies were done in CEF monolayers in screw-capped bottles. The cells were infected at an input multiplicity of IO p.f.u./cell (5 p.f.u, of each mutant in mixed infections, IO p.f.u, in selfcrosses), and the virus allowed to adsorb for either 6o min at 4 °C or 4o min at room temperature. Excess virus was removed by washing three times with ice-cold PBS, and the cells overlaid with serum-free growth medium prewarmed to 45 °C containing IOO units/ml receptor-destroying enzyme (RDE) from Vibrio cholerae. The cultures were incubated at 4o °C in water baths for 16 h and the yields assayed at restrictive and permissive temperatures. The complementation index for each cross was calculated as follows:
AB33-AB4o
(A + B)a~ ' where ABa3 was the titre of the mixed infection at the permissive temperature, AB40 was the titre assayed at the restrictive temperature, and (A + B)33 was the sum of the self-crosses at the permissive temperature.
RESULTS

Properties of the virus particle
Heat-stability of infectivity and haemagglutinin
Stock preparations of the mutants and WSNp were diluted in PBS and subjected to ultrasonic vibration with an MSE ultrasonic probe for ~ min at o °C. Each virus preparation was then divided into three portions which were placed in water baths at 4 o, 45 and 48 °C. Samples were removed at various times and titrated both for infectivity by plaque formation in CEF monolayers and for capacity to haemagglutinate chicken erythrocytes. The HA of the mutants was as stable as WSNp HA and there was no difference in the stability of infectivity after 9o rain at 4o or 45 °C. However, the infectivity of one mutant, ts 3, was significantly more thermolabile than WSN~ at 48 °C (Fig. I ). 
Alteration in haemagglutinin specificity
Stock preparations of the mutants were examined for qualitative changes in their HA, as measured by their ability to agglutinate chicken, goose or guinea-pig erythrocytes. This property was estimated by the ratio of HA titre with erythrocytes from one species to the titre with erythrocytes from another species. Only ts ~9 gave a ratio which was significantly different from WSNv and the other mutants (Table I) ; thus, the ratio of HA titres with chicken and goose erythrocytes was i8-fold lower than the mean obtained with all the mutants, with chicken and guinea-pig erythrocytes it was fourfold higher, and with guinea-pig and goose erythrocytes it was nearly 6o-fold lower. The ratio for the other mutants and WSNp were within threefold of the respective means.
No change in antigenicity of the haemagglutinin of ts ~ 9 was found in haemagglutinationinhibition tests with antiserum to WSN~., nor were differences observed for the other mutants. 
Morphology
Crude allantoic preparations of the mutants were screened for morphological changes under the electron microscope after phosphotungstic acid staining but all mutants appeared to be similar in size and shape to WSN~,
Functions temperature-sensitive at 4 ° °C
Cut-off temperatures for plaque formation by the mutants
The cut-off temperature was defined as the temperature at which there was a tenfold drop in plaque count compared to the titre at the permissive temperature. All the mutants were found to have relatively high cut-off temperatures (Table 2 ) but this rarely caused problems in restrictive temperature assays. In liquid cultures, however, the cut-off temperatures were usually higher and 'leakiness' could only be overcome by using 4o °C or higher as the restrictive temperature.
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Synthesis of haemagglutinin by the mutants at the restrictive temperature
By haemadsorption. The ability of cell-associated haemagglutinin to adsorb erythrocytes to the surface of infected cells was used as a preliminary test for the synthesis of haemagglutinin by the mutants during the growth at the restrictive temperature. The results are shown in Table 2 . A mutant was scored as positive (+) if the majority of the cells were covered with erythrocytes to the extent that the cells were barely visible, and partially positive (+) if less than 2o % of the cells exhibited haemadsorption with only scattered erythrocytes on the positive cells.
Three mutants, ts 1, ts 6 and ts 7, were completely negative for haemadsorption and two other mutants, ts I I and ts 2i, were scored as partially positive. No differences were observed from samples taken at IO, I2 or ~4 h after infection.
By fluorescent-antibody staining. The isolation of recombinants from crosses between influenza A0/yws and influenza A2/m5 + (Kilbourne et al. 1967 ) has led to the possibility of preparing antisera specific to individual antigens. One of the recombinants, X7F1, originating from a back-cross between recombinant X 7 and the A2/RI5 + parent, has been shown to contain the neuraminidase of the As parent and the haemaggtutinin of the A0 parent. Since antibody to the A2 neuraminidase does not react with A0 neuraminidase and antibody to NWS HA reacts with wsN HA, antiserum to X7F1 was used to detect the haemagglutinin of WSN.
In preliminary tests with WSNp, the time, place and sequence of events in the synthesis of haemagglutinin were similar to the original report for the V-antigen by Breitenfeld & Schafer (~957). Haemagglutinin was first detected in the cytoplasm about 4"5 h after infection as a diffuse fluorescence close to the nucleus and then spread gradually throughout the cytoplasm. Fluorescence was observed for all the mutants grown at 33 °C in both CEF and HPK1 cells but cells infected with ts 7 and ts I I at 40 °C showed no fluorescence in either cell system, while ts I showed only a very faint fluorescence. The results are summarized in Table 2 .
Since antiserum to WSNp contains antibody to both HA and neuraminidase, it was used to detect the presence of neuraminidase in cells infected with the HA-deficient mutants ts I, ts 7 and ts i i. All three showed strong positive fluorescence after growth at 40 °C, indicating that they all synthesized an antigenically normal neuraminidase. No difference was observed between neuraminidase and haemagglutinin in the time, place or sequence of events of synthesis when the same mutants were examined after growth at 33 °C and stained with antiserum prepared against X7FI.
By haemagglutinin titrations. CEF cells infected with the mutants were disrupted and titrated for the presence of cell-associated HA as described above. In Table 2 the HA titre at 40 °C is presented as a percentage of the titre at 35 °C. Three mutants, ts I, ts 7 and ts I ~, were scored as negative.
Ability to elute haemadsorbed erythrocytes after growth at 40 °C
The presence of virus neuraminidase at the plasma membrane of infected cells can be detected by its ability to elute haemadsorbed erythrocytes. The same infected cell samples that were tested for haemadsorption were also examined for this elution characteristic after further incubation at 37 °C for I h. The results are shown in Table 2 . Complete elution (+) was defined as the total removal of erythrocytes from the cells and partial elution ( + ) was defined as the presence of a reduced quantity of erythrocytes on less than 20 % of the cells. When grown at the permissive temperature, all mutants exhibited complete elution but two Cells were infected at 4 °C and harvested at 2"5 and 9"5 h after incubation at 35 or 40 °C. Washed cells were then sonicated and assayed for neuraminidase activity with fetuin as substrate.
* % E5~9 ts[WSNp 9"5 h after infection at 35 °C. % E~ tslwsNp 9"5 h after infection at 40 °C.
mutants, ts 5 and ts I8, were unable to elute erythrocytes after growth at 40"2 or 40.5 °C, and two others, ts 3 and ts ~ 3, exhibited only partial elution. No differences were observed in the time of original sampling (length of incubation after infection) or between the two cell systems used, except that ts 13 was scored as positive in HPK1 cells.
Synthesis of intracellular neuraminidase
Since inoculum neuraminidase remained cell-associated for a considerable time, care was taken to ensure that the neuraminidase assayed was newly synthesized. Cells were therefore harvested at 2"5 and 9"5 h after incubation and, in general, a tenfold increase in neuraminidase activity was observed in this time. The mutants tested, ts I, ts 5, ts I I and ts ~ 8, synthesized maximal amounts of enzyme at the restrictive temperature (Table 3) .
Synthesis of ribonucleoprotein antigen at 4 o °C
The ribonucleoprotein antigens of A 0 and A2 influenza are serologically identical, whereas the envelope antigens are completely distinct. Therefore, convalescent antiserum resulting from an influenza A2 infection could be used to detect specifically the synthesis of RNP in mutant-infected cells after growth at the restrictive temperature. In both CEF and HPK~ cells infected with wsNp, the RNP was first observed in the nucleus 3"5 to 4 h after infection. The intensity of fluorescence increased with time until about 7 h after infection, when the majority of cells exhibited a bright perinuclear fluorescence. Shortly afterwards the RNP could be detected in the cytoplasm only as a diffuse fluorescence. This sequence of events is similar to that described by Breitenfeld & Schafer (I957) and others.
All the mutants were found to synthesize RNP at 4o °C but the RNP of one mutant, ts 2o, was restricted to the nucleus even ~4 h after infection. This restriction was observed in both CEF and HPK1 cells.
Synthesis of RNP by ts I, ts 5, ts I I and ts I8 at the restrictive temperature was confirmed quantitatively by a complement-fixation test for cell-associated RNP.
Incorporation of [aH]-uridine into infected cells
The total incorporation of acid-precipitable radioactivity into infected cells at permissive and restrictive temperatures was measured as described above. Restrictive temperatures of 39 and 4o °C were tried initially. Neither temperature allowed as much incorporation of uridine into infected cells as at the permissive temperature, at 39 °C, cells infected with WSNp incorporated 66 % and, at 4o °C, 30 ~o of the uridine incorporated at 35 °C. Consequently, Cells were infected in the cold, washed and transferred to the appropriate temperature. Labelling with PHl-uridine was preceded by incubation with actinomycin D as described in Methods. Cells were solubilized and dried on to filter paper for determination of acid-precipitable counts. Each figure represents the mean of three samples.
* Ct/min less ct/min incorporated by uninfected cells (about 35o ct/min). Table 4 ).
to enable comparisons to be made, results were standardized by expressing incorporation of uridine by a mutant at a particular temperature as a percentage of the incorporation by wsy~. This figure obtained at the restrictive temperature was then expressed as a percentage of that obtained at 35 °C.
A representative experiment with wsy~, ts I, ts m, ts II and ts I9, is shown in Table 4 and a summary of all experiments in Table 5 . Mutants were divided into three groups: group A consisted of ts r and ts II, which incorporated at the restrictive temperature less than 3o ~o of the uridine incorporated at the permissive temperature; group B consisted of ts 4, ts Io, ts Iz, ts I3, ts I7 and ts 20 (3I ~ to, 75 ~ incorporation); and group C consisted of ts 3, ts 5, ts 6, ts 7, ts 8, ts ~8 and ts I9 (> 76 ~ incorporation). The mutants ts I and ts II incorporated the same proportion of uridine at 39 as at 4 ° °C, relative to wsnp. --ND + = Crosses which always exhibited complementation. (+) = Crosses which sometimes exhibited complementation. 
Synthesis of nucleolar antigen
Infected cells were examined by fluorescent antibody staining at 5 to 7 h after incubation.
All mutants synthesized nucleolar antigen at the restrictive temperature.
Complementation
The results of complementation experiments were disappointing for although complementation could be demonstrated between certain pairs of mutants after growth at 40 °C, it was not always reproducible and the yields were well below those obtained with wsN~ under the same conditions. Mutants were considered able to complement each other if the complementation index (see Methods) was 2 or greater, but indices higher than 25 were seldom observed. With some crosses, complementation was observed in occasional experiments but not others. A few crosses were consistently unable to complement each other and were therefore believed to contain ts lesions in the same cistron. The results of two experiments are shown in Table 6 , and a summary of all complementation experiments in Table 7 . Despite the problems in interpreting these results, when used in conjunction with genetic and physiological data they help to substantiate the genetic position of mutants with similar defects.
DISCUSSION
The data presented above were concerned with properties of the mutant virus particles (stock preparations grown at the permissive temperature) and with the physiological characterization of the ts lesions during growth at the restrictive temperature, the latter being summarized in Table 8 . The properties of mutant virus particles cannot be interpreted on the basis of temperature sensitivity, since many other mutations must have been accumulated during mutagenesis which would not have been detected under the selection procedure employed (Mackenzie, 197o) . Thus, in contrast to the physiological experiments, they do not necessarily represent manifestations of the ts lesions but are useful for providing a general catalogue of properties.
Stock preparations of two mutants, ts 3 and ts i9, differed from WSN~ in the properties examined. The thermolability of infectivity exhibited by ts 3 at 48 °C would suggest that it contained a mutation in a cistron responsible for a structural protein but not the haemagglutinin, which was shown to be thermostable. An alteration in the haemagglutinin of ts 19 was demonstrated by a change in its ability to agglutinate erythrocytes from different species. This alteration was small and was not reflected in its antigenicity since the haemagglutinationinhibition titre with antiserum to WSN~ was the same as the homologous titre.
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The physiological characterization of the mutants in cultured cells during growth at the restrictive temperature and the correlation of these properties with the genetic data (Mackenzie, 197o) are largely dependent on the singularity of the ts lesions. In genetic experiments, double mutants were arbitrarily defined as those which would not exhibit additivity with other mutants, and there was good agreement between those mutants classified as double by genetic means and the stability of the mutations during growth. Unfortunately, the system was not amenable to a direct measure of reversion frequency but, by the above criteria, seven mutants were classified as single mutants (ts I, ts 4, ts 7, ts IO, ts I2, ts I3 and ts I8) and six as double mutants (ts6, ts I1, ts 17, ts 19, ts2o and ts2I) . There was not sufficient genetic information available concerning ts 3, ts 5 and ts 8 but they are believed to contain a single lesion.
The synthesis of haemagglutinin under restrictive conditions was determined by haemadsorption, by haemagglutination using disrupted infected cells, and by fluorescent-antibody staining. Three mutants, ts I, ts 7 and ts 1 I, were essentially negative by all three tests and probably contain ts lesions in cistrons responsible for HA. A fourth mutant, ts 6, was negative only by haemadsorption. In genetic experiments (Mackenzie, I97o) , ts I and ts I I were indistinguishable except that ts I I appeared to be a double mutant and ts 7 and ts 6 were located a short distance away (recombination frequencies I.I to a'7 ~) and closely linked to each other. Complementation could not be demonstrated between ts I and ts I I or between ts 6 and ts 7, but ts I and ts I • were both able to complement the growth of ts 6 and ts 7 at 4 o °C. This suggests that ts 6 also contains a lesion in an HA cistron. It would appear from this evidence that HA is composed of two polypeptides coded for by two different cistrons. Laver (~97I) has recently demonstrated two such polypeptides, but it is difficult to equate the above results with those of Lazarowitz, Compans & Choppin 0970, which suggested that the two HA polypeptides were cleaved from a single large polypeptide, unless the two cistrons are co-translated from a single messenger.
Two mutants, ts 5 and ts 18, were unable to elute erythrocytes following haemadsorption but synthesized a normal amount of neuraminidase, as judged by the assay of active enzyme. Both mutants were closely linked genetically since no recombination was found between them (Mackenzie, I97o). There was no evidence of altered substrate specificity and the defect apparently lay in the process by which neuraminidase is incorporated into the plasma membrane. Using antisera against the HA and neuraminidase, fluorescent-antibody staining showed that the intracellular site and time of appearance of both antigens were identical and similar to the results described recently by Maeno & Kilbourne (I97o) .
All the mutants were able to synthesize an antigenically normal ribonucleoprotein by fluorescent-antibody staining but this technique gave no indication of their functional integrity. The ribonucleoprotein of ts 2o, however, did not migrate from the nucleus. Failure of ribonucleoprotein to migrate from the nucleus has been reported for the abortive infection of fowl plague in L cells (Franklin & Breitenfeld, I959) and of PR8 in a line of HeLa cells (Ter Meulen & Love, I967), for von Magnus virus in chick cells (Rott & Scholtissek, I963) , and fowl plague in chick cells treated with p-fluorophenylalanine (Zimmerman & Schafer, I96O) . Since the latter is probably due to the inhibition or malfunction of a virus protein, ts zo may be defective in the same protein.
Measurements of uridine incorporation into infected cells were designed to discover any mutant which was unable to synthesize RNA. Clearly no mutant is as deficient in this property as some arbovirus ts mutants (Burge & Pfefferkorn, I966), although ts I and ts I I incorporate uridine at a constantly reduced level at the restrictive temperature. Interpretation of these results is complicated by the recent finding that influenza virus carried an RNA polymerase (Bishop, Obijeski & Simpson, I97I) . Even if the defect of ts I and ts I I lay in the newly synthesized polymerase, one would expect that the polymerase of the infecting virus particles would be fully functional at the restrictive temperature (Martin, I969) . However, some ts mutants of vesicular stomatitis virus, which also has a particleassociated RNA polymerase, incorporate at the restrictive temperature less than t ~o of the uridine incorporated by wild-type (Pringle & Duncan, I97I) . To clarify this area, the synthesis of RNA by ts I and ts I I is being studied further.
Both ts I and ts I ~, which were very closely linked genetically, were also defective in HA synthesis and the possibility of one of the HA polypeptides having a dual function as (part of) a polymerase cannot be discounted. The other mutants, able to synthesize RNA, fell into two groups with the percentage relative incorporation of the second group significantly lower than the first group and varying between 75 ~ and 47 ~. With the exception of ts ~o, the mutants in this second group were very closely linked, whereas the loci of those in the first group were scattered elsewhere within the genome. However, ts ~o exhibited complementation with other members of its group.
There was no apparent correlation between the defects of the mutants and their altered virulence for C57B1 mice (Mackenzie, I969) .
There is good agreement between genetic locus and defective function, as discussed above, with close linkage between those mutants with similar defects. However, these results give no evidence of the structure of the genome of influenza virus and should not be taken as being indicative of discrete groups pertaining to subgenomic fragments.
